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General Route to Homogeneous, Mesoporous,
Multicomponent Oxides Based on the
Thermolytic Transformation of Molecular
Precursors in Non-polar Media**

By Joshua W. Kriesel, Melissa S. Sander, and T. Don Tilley*

The construction of nanostructured materials with tailored
properties is a challenging goal that is widely regarded as rep-
resenting a key first step toward new technologies.[” This chal-
lenge has been met with significant advances in recent years,
especially with the application of surfactants in the synthesis
of mesoporous inorganic oxides.>”! In particular, this ap-
proach has demonstrated that a range of silica mesostructures
with highly regular pore structures can be obtained.”*! How-
ever, these templating methods have been extended with
sporadic success to analogous non-silica oxides and multi-com-
ponent materials.""® Clearly, synthetic methods that allow
variations in the composition of nanostructured solids, and ac-
cess to complex stoichiometries for such materials, would
greatly increase the potential for technological applications.

The generation of complex stoichiometries is generally
problematic in inorganic synthesis, especially for metastable
and non-crystalline combinations of elements.'’ With regard
to this problem we have developed a synthetic strategy, based
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on molecular-level control, for producing homogeneous (i.e.,
well-dispersed) multi-component oxides.® This route to inor-
ganic oxides differs significantly from commonly employed
solution methods, in that it utilizes non-polar solvents and
results in inherently higher surface areas and greater elemen-
tal dispersities. Here, we report a general method for the syn-
thesis of mesoporous, multi-component oxides (denoted
UCB1), based on the use of several molecular precursors in
conjunction with block copolymer templates. This method is
illustrated for materials with the compositions ZrO,-4SiO,,
Ta,05:6S10,, Fe,05-68i0,, and AIPO,.

Previously, we reported the use of single-source molecular
precursors possessing —OSi(O'Bu); and ~O(O)P(O'Bu), li-
gands in the synthesis of non-mesostructured homogeneous,
mixed-element oxides under mild conditions.”?* These oxy-
gen-rich, mixed-element precursors eliminate isobutylene and
water at low temperature (90-150 °C), in the solid state or in
solution. For example, we have prepared highly dispersed
Zr0,-4Si0, by thermal decomposition of Zr[OSi(O'Bu)s]s
according to Equation 1.7% Thus, all the elements that are in-
corporated into the material emanate from a single molecular
species. The facile formation of carbon-free materials in this
process may be attributed to the pre-existing oxygen environ-
ment for the precursor compounds.

Z1[0Si(O'Bu)], A, 7:0,-48i0, +12CH, = CMe, +6H,0 (1)

In this work, mesostructured homogeneous mixed-element
oxides were obtained by adding a toluene solution of a block
polyalkylene oxide copolymer (e.g., HO(CH,CH,0) 06—
(CHzCH(CH3)O)70(CH2CH20)106H, abbreviated as EOIOG'
PO70EO1¢6) to the molecular precursor. This mixture was
sealed in an ampoule, heated at 135°C for 12 h, and the
resulting monolith was allowed to air dry. Thermal gravi-
metric analysis (TGA) of these mixed oxide/polymer contain-
ing materials revealed a precipitous weight loss of ca. 50 %
with an onset temperature of ca 250 °C. This weight loss corre-
sponds to efficient oxidative decomposition and removal of
the block copolymer.m] Polymer-free mesostructured mixed-
element oxides (UCB1 materials; Table 1) were obtained by
calcination of the polymer-containing gels at 500 °C for 3 h
under O,. Using this synthetic protocol, the molecular precur-
sors  Zr[OSi(O'Bu)s]s, (EtO),Ta[OSi(O'Bu)s]s, Fe[OSi(O-
‘Bu);[ THF (THF = tetrahydrofuran), and [Al(O'Pr),0,-
P(O'-Bu),]4 have been converted into the corresponding meso-
structured materials Zr0O,-4SiO,, 1/2Ta,05-3Si0,, 1/2Fe,03
-3Si0,, and AIPO, (denoted UCBI1-ZrSi, UCBI1-TaSi,
UCBI1-FeSi, UCBI1-AIP, respectively). The template-
directed synthesis of mixed-element oxides in non-polar
media is particularly notable since previous reports on the
preparation of mesoporous oxide materials describe synthetic
protocols that employ polar (usually aqueous) solvents.>l
Presumably, this is due to the fact that these procedures entail
the hydrolysis of metal species and utilize the solvent-
mediated self-assembly of amphiphilic templates, in conjunc-
tion with electrostatic and hydrogen bonding forces.
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All UCBI1 materials exhibit a single peak in the low angle
powder X-ray diffraction (XRD) spectrum (Table 1). The
absence of higher angle peaks indicates that the inorganic
walls of these materials are amorphous. Typical XRD patterns
for UCB1 materials, illustrated for UCB1-TaSi and UCB1-
ZrSi, are shown in Figure 1. Although these single-peak XRD
patterns are an indication of a lack of long-range order, they
suggest the presence of a disordered hexagonal® or worm-
hole-type pore structure.?” As shown in Table 1, the ordering
lengths of the UCB1 materials are 102-113 A.

A more detailed description of the mesoscopic order in
UCB1 materials was obtained by transmission electron mi-
croscopy (TEM). All the UCB1 materials reported in Table 1
exhibit wormhole-like pore structures with no apparent long-
range order, as illustrated in the micrograph of UCB1-ZrSi
(Fig. 2). Pores in the UCB1 materials presumably originate
from the space previously occupied by polymer assemblies.
However, despite the lack of long-range order, these materials
possess relatively uniform channel spacings. For comparison,
a TEM image of ZrQ,-4SiO, obtained from Zr[OSi(O'Bu)s]4
without the addition of a polymeric template is shown in Fig-
ure 2b. Thus, untemplated ZrO,-4SiO, exhibits textural meso-
porosity, in which the voids are defined by the packing of dif-
ferent-sized particles. Conversely, the porosity in UCB1-ZrSi
appears to result from the mesoscale ordering of the materi-
al’s framework structure.

Porosity in the UCB1 materials was further characterized
using nitrogen porosimetry. The N, adsorption-desorption
isotherms for all the UCB1 materials reported in Table 1 are
type IV curves with H1 or H2 hystereses.””! For example,
UCBI1-AIP exhibits an N, isotherm (Fig. 3) that features a
steep rise in adsorption between relative pressures (P/P) of
0.6-0.8, with no additional adsorption at P/Py > 0.8. Similarly,
all the UCB1-ZrSi materials display N, isotherms with no

Table 1. The N, porosimetry and XRD data for the UCB1 materials. The corresponding untemplated materials

are shown for comparison.
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Fig. 1. Powder XRD patterns of UCB1-TaSi (a) and UCB1-ZsSi (b). The

dotted lines are patterns of the as-made oxide—polymer composite mesostruc-
tures. The solid lines are patterns of the calcined UCB1 materials.

adsorption above P/Py, = 0.6. The
lack of adsorption at high relative

Oxide Precursor Template UCB# Surf. Pore  dip  Wall Pore pressures indicates that there is little
area rad. thick. vol, : :
: - xtural m rosity in th B1
m¥el  [Al  [Al  [A]l (el textu ?l fsopodos ltly " t. e I}fC
210,°48i0;  Zt[OSi(O'Bu)s]s NONE - 555 112 - - 1.00 materials. nstea. ot .e 2 1sotherms
. L for these materials indicate frame-
Zr0;+48i0;  Zt[OSi(OBu)s]s E0106PO0EO106 UCBI-ZtSi 540 2 110 66 042 . . .
) work-confined mesoporosity in
70,4810,  Zr[OSi(O'Bu EO05POEO UCBL-Z1Si 545 20 1M1 7n 045 . .
2 2 [OSi(OBu)s]s 20PO7EO2 ™1 which the pores arise from tem-
ZrO+4S8i0;  Z+[0Si(O'Bu)s) EOPO3EO UCBI-ZsSi 490 13 110 84 035 plated framework channels, and
el
Zr0;+48i0;  Zt[OSi(OBu);ls EO;POyEQ); UCBI-ZtSi 560 13 100 74 0.43 therefore corroborate the TEM
Zr0;+48i0;  Zt[OSi(O'Bu)s]s Hi;Cie(OCH,CHy) gOH UCB1-ZrSi 530 16 113 81 041 analysis.m
Ta;05°65i0; (EtO),Ta[0Si(O'Bu);ls NONE - 415 34 - - 0.71 The Barrett-Joyner-Halenda
Ta,05°68i0; (Et0);Ta[OS((OBu)sl;  EO106PO10EO1s UCBI-TaSi 400 19 106 68 041 (BJH) analysis of the adsorption
Tay05%6Si0, (Et0),Ta[0Si(OBu);]s  EO2PO+EOs UCBI-TaSi 440 19 1m0 72 0.44 branch of the isotherms for all the
AIPO, (PrO)},AIOP(OBu),  NONE } 160 61 i ) L10 UCB1 materials indicates narrow
AIPO, (PrO),AIOP(O'Bu);  EO166POEO g6 UCBI1-AIP 670 39 11 33 113 pore size Q1str1but10ns (see Fl%' 3).
) ’ As shown in Table 1, pore radii for
AIPO, (PrO),AI0;P(O'Bu);  EOxPOEQy UCBI1-AIP 750 33 13 47 L1l .. .. .
FeiOmS . the silica-containing UCB1 materi-
0126810, Fe[OSi(0'Bu)]»*THF ~ NONE - 520 25 - - 0.69 2 .
205765102 FelOSHOBujs]s als ranged from 12-22 A, depending
. ISV i
Fe203 65102 FE[OSI(OBU)S]S THF EOmePOmEO]% UCBI1-FeSi 400 12 102 80 0.34 on the blOCk COpOlymer employed.
*G6S i i(O° » _ H ..
Fe;0:1%68i0; Fe[OSi(O'Bu)sl;»THF  EQ3POEOy UCBI-FeSi 355 17 105 71 0.34 Additionally, the surface areas and
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Fig. 2. TEM images of a) UCBI1-ZrSi prepared using (H33Ci6)10(OCH,-
CH,);00H block copolymer, and of b) ZrO,-4SiO, prepared without the addi-
tion of a polymeric template. Both samples had been previously calcined to
500 °C under O,.
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Adsorbed Volume (cc/g)
o
o
o
1

0 0.2 0.4 0.6 0.8 1
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Fig. 3. The N, isotherm for a UCB1-AIP material prepared using the EO5-
PO7(EO, triblock copolymer template. The corresponding BJH pore size dis-

tribution, shown in the inset, was calculated from the adsorption branch of the
isotherm.
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pore volumes of these materials are quite large relative to
other templated mixed-element oxides (50-200 m%g)."! BJH
analyses of the UCB1-AIP materials revealed large meso-
pores with radii of 33 and 39 A, which correlate with the
length of the block copolymer employed (see Table 1). The
pore radii of the UCB1-AIP materials are significantly larger
than those reported for other mesostructured AIPO,4 materi-
als (10-18 A).'”! The UCB1-AIP materials also have a partic-
ularly well-defined N, isotherm, as is evident by observation
of two distinct adsorption processes: i) monolayer coverage
and ii) capillary condensation (P/P, = 0.6). These materials
have a somewhat higher surface area and larger pore diam-
eters than the other UCB materials (see Table 1). The reason
for this is currently not clear, but it suggests that the alumi-
num phosphate network is less prone to collapse during the
dessication and calcination process. Note that the mesoporous
UCBI1-AIP materials are of particular interest as new modifi-
cations of aluminophosphates, which have been widely stud-
ied for their catalytic and ion exchange properties.!'’:1¢!

Because the UCB1 materials possess fairly narrow pore size
distributions and have relatively uniform channel spacings, an
estimate of the wall thickness can be obtained by assuming
that the observed d-spacing corresponds to a channel-to-chan-
nel distance.””) Thus, using the XRD and pore size data, the
wall thickness of the silica-containing UCB1 materials was
determined to be 66-84 A, and 33-47 A for the UCB1-AIP
materials. The framework walls of the mixed-element oxides
reported in Table 1 are significantly thicker than those for
MCM-41 silicas (10-15 A)®! and thicker than those of pre-
viously reported mixed-element oxides templated in aqueous
solution by triblock copolymers (3540 A)."!

A key distinguishing property expected for the molecular
precursor-derived UCB1 materials is the composition of the
inorganic framework, and a related issue concerns the disper-
sion of inorganic components. Energy dispersive X-ray spec-
troscopy (EDX) was employed to assess the stoichiometry of
the various samples. EDX spectra taken from large (ca.
100 nm) areas showed the expected elemental ratios in all the
UCB1 materials, within the experimental error of this tech-
nique. Additionally, local EDX spectroscopy was used to
probe the distribution of elements in the inorganic framework
at high spatial resolution (1 nm). For example, the EDX pro-
file of UCB1-ZrSi (Fig. 4) provides a measure of the relative
amounts of Zr and Si at 1 nm resolution, along a 350 nm sec-
tion of the sample (ca. 3.5 nm acquisition intervals). The
intensities of the points for both Zr and Si increase over the
sampling length due to a steady increase in the thickness of
the material. As shown in the inset of Figure 4, the EDX pro-
file shows the expected Si/Zr ratio (over the entire sample re-
gion) in this Zr0O,-4Si0, material, and provides evidence for a
uniform dispersion of elements in the inorganic framework.

Further indications of homogeneity in the UCB1 materials
were obtained from their crystallization behavior at high tem-
perature. For multi-component oxides there is often a correla-
tion between sample homogeneity and the temperature at
which a single component metal oxide phase separates from
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Fig. 4. An EDX profile of UCB1-ZrSi performed using a 10 A probe at 35 A
intervals (8 s/pt). Points shown as @ and [J correspond to Si and Zr, respec-
tively. The error in these intensities is estimated to be <10 %. The inset shows
the ratio of Si/Zr at each point along the profile.

the material, and subsequently, crystallizes. In ZrO,-SiO,,
Ta,05-SiO, and Fe,03-Si0O, systems, a delayed crystalliza-
tion of a transition metal oxide phase indicates the presence
of an atomically well-mixed multi-component oxide.[?*=!
UCB1-ZrSi is amorphous until 1100 °C (2 h, under O,), when
nano-sized tetragonal zirconia (t-ZrO,) crystallites are first
observed (by XRD). Additionally, delayed crystallization in
UCBI1-TaSi was observed with formation of nanocrystalline
L-Ta,Os after heating at 1100 °C. Finally, UCB1-FeSi materi-
als are amorphous until 1000 °C, at which time a-Fe,Oj3 crys-
tallites are visible by powder XRD.

Further characterization of the UCB1-AlP materials by
%Al cross polarization magic angle spinning nuclear magnetic
resonance (CP MAS NMR) spectroscopy revealed an intense
peak at 42 ppm and a weaker resonance at —11 ppm. The
downfield resonance corresponds to tetrahedrally coordinated
Alin an AlOy structural unit.’!! Octahedrally coordinated Al,
arising from structural units of the type Al(OP)4(OH,),, most
likely gives rise to the resonance at ca. —11 ppm.*!! The 3'P
MAS NMR spectrum contains a single peak at -25 ppm,
which can be attributed to P(OAl), tetrahedra and is outside
the range for P-O-P linkages.'®*! Thus, the UCBI1-AIP
framework appears to be built primarily of Al-O-P hetero-
linkages.

The thermal and hydrothermal stabilities of the UCBI1
materials are very high. For example, after boiling UCB1-
Z1Si in water at reflux for 48 h, there was no change in the
value of the low-angle XRD peak and only a small loss in sur-
face area (32 %). Aditionally, calcination of UCB1-ZrSi,
UCB1-TaSi, UCB1-FeSi, and UCB1-AIP at 800 °C under O,
for 2 h led to surprisingly small reductions in surface areas
(20, 26, 31, and 53 %, respectively) and did not destroy the
mesoscopic order in the gels, as determined by XRD and N,
porosimetry. The preservation of significant mesoscopic order
in these materials after treatment to very high temperature
probably reflects the presence of the thick framework walls.
The thermal stability of UCBI1-AIP is particularly notable

334 © WILEY-VCH Verlag GmbH, D-69469 Weinheim, 2001  0935-9648/01/0503-0334 $ 17.50+.50/0

since many of the AIPO,—surfactant composites reported to
date are not thermally stable and incur loss of mesoscopic
order under relatively mild conditions.['”]

Previous reports on template assisted mesoporous metal
oxide formation describe synthetic protocols that employ
highly polar (usually aqueous) reaction solvents.>® This syn-
thetic approach is rational, given that poly(alkylene oxide)
block copolymers are known to self-assemble into well
defined mesophases in aqueous media.®” In addition, polar
solvents are expected to play an important role in mesoporous
oxide formation, in that they are expected to facilitate coop-
erative assembly of the template and inorganic species via
electrostatic and hydrogen bonding interactions.””! Very little
is known concerning the phase behavior of poly(alkylene
oxide) block copolymers in non-aqueous solvents;*?! however,
the observation described here concerning formation of the
mesostructured UCB1 materials in a non-polar environment
would seem to have important implications for the synthesis
of nanostructured materials. In this context, we are currently
investigating the mechanism of formation of the materials
reported here.

In conclusion, we have demonstrated a new general route
to mesoporous mixed-element oxides with high surface areas,
homogenous dispersions of elements and thick framework
walls. We anticipate that this molecular precursor route will
allow us to access a wide range of materials with more com-
plex compositions and intricate nanoarchitectures, which may
be useful in applications such as catalysis and electronic mate-
rials.

Experimental

A typical preparation for the mesoporous oxides reported herein is illustrat-
ed for UCB1-ZrSi. 0.20 g of the block copolymer was dissolved in 6.0 mL of
dry toluene. After the polymer fully dissolved, the solution was transferred to a
glass tube that was interfaced through a Cajon adapter to a glass fitting with an
N, inlet and septum, containing 0.60 g of Zr[OSi(O'Bu)s]s. This mixture was
freeze-pump-thawed at least 4 times and then sealed with a torch under vacu-
um. The glass ampoule was then placed in an oven that was preheated to 135 °C
and heated overnight. Typical gel times were 3-24 h. Adding a catalytic amount
of AICI; (ca. 0.5 mg) significantly reduced gel times, but seemed to have no
effect on the properties of UCB1-ZrSi. The monolith was isolated by opening
the ampoule and allowing the gel to air dry in a Petri dish for 3-5 d at room
temperature, after which time the gel had shrunk by ca. 70 % and cracked into
several pieces. The gel was then powdered and calcined at 500 °C under O, in a
tube furnace for 3 h. EDX Si/Zr anal. found for UCB1-ZrSi: Si = 81, Zr = 19.
Anal found for C and H: C, <0.2; H, 1.66.
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Molecular Identification by Time-Resolved
Interferometry in a Porous Silicon Film**

By Sonia E. Létant, and Michael J. Sailor*

Porous silicon (PSi) is a nanocrystalline material that is gen-
erated by etching of bulk crystalline silicon in aqueous hydro-
fluoric acid (HF). It is of interest for its luminescence,!!! elec-
troluminescence,? and sensor properties.”] The open pore
structure and large specific surface area (a few hundred m?
per cm?, corresponding to about a thousand times the surface
of a polished silicon wafer) make porous Si a convenient ma-
terial for sensitive detection of liquid and gaseous analytes.
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MATERIALS

The ability to electrochemically tune the pore diameters and
to chemically modify the surfacel>”! provides control over the
size and type of molecules adsorbed. These properties have
been exploited to develop porous Si sensors for detection of
toxic gases,[g’g] solvents,!1*12 explosives,[13’14] DNA 1 and
proteins.*!”! The main techniques investigated to achieve sig-
nal transduction are capacitance,' resistance,'” photolumi-
nescence,”” and reflectivity.”!! Detection limits of at least a
few ppb have been demonstrated for some of these.’! Never-
theless, no work has appeared concerning the use of porous Si
matrices for the analysis of mixtures of chemical compounds.

The aim of this study was to determine whether or not
time-resolved reflectivity measurements on porous Si films
can be used to discriminate constituents of a binary gas mix-
ture. Snow and co-workers!"!! measured a time of stabilization
of the reflectivity signal from a porous Si Bragg reflector
exposed to chlorobenzene vapor to be 240 s and suggested
that the data contained information on the adsorption
dynamics. We confirm this, using a chemically modified single
layer porous Si interferometer and a mixture of acetone and
ethanol. The time evolution of the reflectivity signal immedi-
ately after exposure to a condensable analyte is expected to
depend on the kinetics of diffusion, adsorption and capillary
condensation of the analyte in the nanoporous matrix. It pro-
vides an ability to discriminate or identify individual compo-
nents of a mixture similar to a chromatographic experiment.

Porous Si samples were electrochemically etched from
monocrystalline p-type silicon substrates (boron-doped,
~0.001 Qcm, (100) oriented, from Siltronix Inc.), at a current
density of 50 mA/cm? in a 3:1 v/v mixture of aqueous HF
(49% hydrofluoric acid, Fisher Scientific Chemicals Inc.) and
ethanol (Fisher Chemicals Inc.). The samples were oxidized in
a stream of ozone (OZOMAX 3, flux of 8 g/h) for 20 min
prior to mounting in a gas exposure chamber. Fourier trans-
form infrared (FTIR) spectral'”l show that this treatment re-
moves the initial silicon hydride coverage (Si-H,, with x=1,2,3,
stretching bands around 2100 cm™) and forms silicon oxide
(Si—O-Si vibrational band around 1100 cm™) and some sila-
nol groups (Si—-OH vibrational band around 3500 cm™). This
oxidation technique was chosen because of its ability to gener-
ate a stable surface. Indeed, ozone-oxidized porous Si samples
have been found to be stable on storage in air and on expo-
sure to alcohols, esters, ketones and aromatics in both liquid
and gas phase. All the experiments reported here were revers-
ible, indicating that no chemical reaction between the surface
and the adsorbed molecules occurs.

After preparation, the porous Si samples were mounted in a
glass chamber connected to the manifold of a Schlenk line!
that also had a flask of freeze-pump-thaw degassed solvent, a
vacuum pump (Leybold Trivac), and a pressure gauge (MKS
Baratron) attached. Reflectivity spectra were acquired
through the glass window of the sample chamber with a bifur-
cated optic fiber connected on one end to a tungsten lamp
and on the other end to a charge coupled device (CCD) spec-
trometer from Ocean Optics, Inc. Both illumination of the
surface and detection of the reflected light were performed
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